Abstract-Frequency domain adaptive antenna array (FDAAA) was proposed in our previous study and was proved to be an effective method to suppress interference caused by frequency selective fading and multiple access interference (MAI) in single-carrier (SC) transmission. The performance of FDAAA receiver will be affected by the antenna placement parameters such as antenna separation and spread of angle-of-arrival (AOA) of resolvable paths. In this paper, we analyze the impact of antenna separation and AOA spread on the radiation pattern of FDAAA receiver and shows the effects of two important parameters: antenna separation and AOA spread.
I. Introduction
In high speed wireless communication, the wireless channel becomes severely frequency selective as the data rate increases due to the multiple paths with different time delays [1] . In such a frequency-selective channel, inter block interference (IBI) and inter symbol interference (ISI) degrade the transmission significantly. To deal with this problem, cyclic prefix (CP) is inserted to each block at the transmitter side and then be removed at the receiver side to avoid IBI. Frequency domain equalization (FDE) technique has been proposed to suppress ISI in single-carrier (SC) transmission [2] . In our previous study [3] , frequency domain adaptive antenna array (FDAAA) has been proposed and proved to be effective to suppress the interference in severe frequency selective fading channel. Independent fading between antennas has been assumed. However, the performance of antenna array will be affected by the antenna placement, which determines the radiation pattern of the array [4] .
The impact of antenna placement on the radiation pattern of FDAAA receiver is studied in this paper. Both antenna separation and the AOA spread will be considered. The remaining of the paper is organized as follows. Uplink FDAAA receiver for cellular system is introduced in Section II; In Section III, the impact of antenna placement, i.e., antenna separation and AOA spread will be analyzed; Numerical results on the radiation pattern of FDAAA receiver will then be shown in Section IV and finally the paper will be concluded in section V.
II. Uplink FDAAA Receiver in Cellular System

A. System model
It is assumed that the base station (BS) locating at the center of each cell is equipped with r N antennas, and there are U mobile stations (MSs, i.e., users) in each cell and each user is equipped with a single transmit antenna, as shown in Fig. 1 .The 0-th user is taken as the desired user and the other users are taken as the interfering users. It is assumed that the channel remains unchanged during one block transmission. The impulse channel response between the u-th user and the BS can be expressed as
where , h and {} E ⋅ denotes the statistical expectation. The path delay is assumed to be an integer multiples of the symbol duration and l l τ = . CP is used and its length is assumed to be longer than the maximum channel length so that IBI can be avoided.
The baseband receive signal vector 
where I is the number of co-channel cells; Subscripts u and ( ) , u i represent the index of the u -th user at the desired cell and the u -th user at the i -th co-channel cell respectively; P represents the transmit power; s is the transmit signal; d represents the normalized distance between the user and the BS of the desired cell; α and ξ represent the path loss exponent and shadowing loss, respectively.
is the vector of complex additive white Gaussian noise (AWGN) and superscript T represents the transpose operation. In this study, slow transmit power control (TPC) in each cell is assumed so that each user will have the same target receive-signal power in average at the corresponding BS. Therefore, the transmit power is given by ,0 /10 target ,0 /10 10 10
where target P is the target receive-signal power; The frequency domain received signal on the k-th frequency is then expressed as
where
are respectively the frequency domain channel response, transmit signal and noise component, given by Eq. (5). In the right hand side of Eq. (4), the first term comes from the desired user, the second term comes from MUI, the third term comes from CCI and the last term is the noise component. 
B. Propagation Model of Adaptive Antenna Array
where m = 1, 2, 3, .. , N r and λ is the carrier wavelength. In our previous study, FDAAA receiver has been investigated in [3] . The transceiver structure of SC transmission using FDAAA is shown in Fig. 3 . At the receiver side, CP is removed and the receive signal at each antenna is transformed to frequency domain signal by using fast Fourier transform (FFT), AAA weight control is then performed on each frequency and the output after AAA weight control is given by
C. FDAAA Receiver
where ,0 
where 
III. Impact of Antenna Placement FDAAA receiver was proposed as a solution to combat multiple access interference (MAI) in frequency selective fading environment. In has been proved that when the antennas are considered to be uncorrelated with each other, FDAAA receiver has the ability to accommodate up to N r users in a single cell and even in cellular environment when the frequency reuse factor (FRF) is big enough. However, the non-antennacorrelation assumption is impractical and correlation often occurs depending on the antenna placement in an array. To understand the impact of antenna placement, antenna separation d and AOA spread Δ are considered in this study. Equation (6) can be re-written by
where ( )
is the steering vector of the linear array, given by
According to (13), the correlation between antenna elements is a function of AOA spread Δ as well as the antenna separation d. The antenna correlation for
is shown in Fig. 4 . It is shown that when d increases, the antenna correlation decreases with vibration and finally converges to zero as d becomes infinite. In the extreme case when d=0, all the antenna elements in the array become completely correlated. On the other hand, to increase the AOA spread Δ will speed up the decrease of antenna correlation to zero. Therefore, in order to have less correlation between antennas, two possible ways are to increase d by occupying more space or to increase Δ by introducing more reflectors around the antenna array. . In other words, in order to reduce the antenna correlation, the third way is to adjust the array plane to be vertical to the incoming waveform. The impact of AOA spread is considered at first. When AOA spread changes from 0 Δ = to 180 Δ = , the antenna correlation decreases and the radiation pattern of the array is shown in Fig. 6 . The arrow in black represents the incoming direction of the desired signal and the arrow in red represents the incoming direction of the interference signal. It is observed that, when the AOA spread increases, the antenna correlation decreases. When 0 Δ = , it is clear that a "beam" is formed towards the direction of the desired signal and a "null" is formed towards the interference signal. However, when 180 Δ = , non-zero array gains appear at the direction of interference signal. It is concluded that the capability of the FDAAA receiver to form "beams" decreases as the AOA spread increases. , no "beams" nor "nulls" are formed due to the low correlation between antennas. Therefore, when the antenna separation is small, the FDAAA receiver uses beam forming gain to suppress the interference. While when the antenna separation is large, the FDAAA receive uses the diversity gain to suppress the interference.
V. Conclusions
In this paper, the impact of antenna placement on the radiation pattern of FDAAA receiver has been studied. Two parameters, antenna separation and AOA spread, have been considered. It has been shown that, similar to the time domain adaptive antenna array, when the AOA spread increases, the capability of the FDAAA receiver to form "beams" towards the direction of desired user decreases. On the other hand, FDAAA receiver can use the beam forming gain to suppress the interference when the antenna separation is small. Therefore, in the frequency domain array processing, there still exist a tradeoff between the diversity gain and beamforming gain.
